Rhizopus niveus glucoamylase forming p-D-glucose. The data provided a novel opportunity to model and directly compare the transition state structures for the hydrolysis of a substrate promoted with retention or inversion of configuration according to the enzyme catalyst. The isotope effects for the reaction catalyzed by each enzyme are most consistent with an SN1 rather than an SN2 mechanism. The modeled transition state structures for the hydrolysis promoted by the a-glucosidase and the glucoamylase both bear significant oxocarbonium ion character, with the D-glucosyl residue having a flattened 4C, conformation and a C-1-0-5 bond order of 1.92, even though opposite D-glucose anomers were produced from the substrate. The transition states show some modest differences, but their general similarity strongly suggests that the stereochemical outcome of glycosylase reactions does not predict the transition state structure, nor does the transition state structure of such reactions predict the stereochemical outcome. The results support previously reported evidence for the separate topological control of product configuration by protein structures in these and other glycosylases. This paper describes the determination of transition state structures for the hydrolysis of a-D-glucopyranosyl fluoride (a-GF)' catalyzed with configurational inversion by fungal glucoamylases (EC 3.2.1.3) and, with retention, by a-glucosidases (3.2.1.20). In an earlier study (11, large a-secondary 3H kinetic isotope effects (KIEs) were measured for a-GF hydrolysis by glucoamylases of Rhizopus niveus (""VIK = 1.26) and Aspergillus niger ("-TVIK = 1.19), suggesting that these enzymes promote a n intramolecular elimination of the fluorine by stabilizing the development of an oxocarbonium ion intermediate or transition state. Konstantinidis and Sinnott (2) ranosyl fluoride hydrolysis than in a-GF hydrolysis. Other insights into glucoamylase mechanism result from studies of the stereocomplementary hydrolytidnonhydrolytic reactions of aand p-0-glucosyl fluoride (p-GF), respectively, catalyzed by R. niveus glucoamylase (3). These two reactions resemble opposing limbs of the enzyme's reversible maltose hydrolysis reaction (4), but their irreversibility shows that the catalytic groups of glucoamylase can function flexibly when presented with an alternative substrate. Catalysis of such paired hydrolytid nonhydrolytic reactions by glucoamylase and other supposedly strict hydrolases (5-9) has been cited (10, 2) as evidence that "inverting glycosidases" act by Koshlands (11) single displacement mechanism. However, the possible involvement of an oxocarbonium ion intermediate or transition state in the glucoamylase catalyzed hydrolysis of a-GF (1, 2) clearly suggests that the assumed requirement for a direct nucleophilic displacement (S,2) mechanism in reactions leading to configurational inversion may not be warranted.
ranosyl fluoride hydrolysis than in a-GF hydrolysis. Other insights into glucoamylase mechanism result from studies of the stereocomplementary hydrolytidnonhydrolytic reactions of aand p-0-glucosyl fluoride (p-GF), respectively, catalyzed by R. niveus glucoamylase (3) . These two reactions resemble opposing limbs of the enzyme's reversible maltose hydrolysis reaction (4), but their irreversibility shows that the catalytic groups of glucoamylase can function flexibly when presented with an alternative substrate. Catalysis of such paired hydrolytid nonhydrolytic reactions by glucoamylase and other supposedly strict hydrolases (5-9) has been cited (10, 2) as evidence that "inverting glycosidases" act by Koshlands (11) single displacement mechanism. However, the possible involvement of an oxocarbonium ion intermediate or transition state in the glucoamylase catalyzed hydrolysis of a-GF (1, 2) clearly suggests that the assumed requirement for a direct nucleophilic displacement (S,2) mechanism in reactions leading to configurational inversion may not be warranted.
With regard to similar studies on the transition state structure for a-glucosidase-catalyzed reactions, Cogoli et al. (12) reported high "-DV kinetic isotope effects for p-chlorophenyl a-D-glucoside hydrolysis by both the sucrase and isomaltase components of intestinal "sucrase-isomaltase" and suggested the involvement of oxocarbonium ion-like transition states in these reactions. These authors also found very small p coeflicients in Hammett-Hansch equations for reactions with parasubstituted phenyl glucosides (121, suggesting essentially complete protonation of the leaving group at the transition state (10) . During our study of a-GF hydrolysis by glucoamylases (11, very small a-secondary deuterium and tritium kinetic isotope effect values were found for the hydrolysis catalyzed by two plant a-glucosidases'; however, mechanistic interpretation was precluded by the lack of information about the substrate's commitment factors with these enzymes. Further study has now led to a determination of the transition state geometry for the hydrolysis of a-GF catalyzed by sugar beet seed a-glucosidase. Heightened interest in this information stems from our recent demonstration (13, 14) that several a-glucosidases, including that from sugar beet seeds, not only hydrolyze a-GF to form a-D-glucose as do other a-glucosidases (151, but also hydrolyze p-GF to form a-D-glucose (albeit very inefficiently). These findings show that the stereochemical outcome of reactions catalyzed by these a-glucosidases is controlled independently of substrate configuration, rather than being derived from it. The observed reactions with p-D-glucosyl fluoride cannot be accounted for by a "resynthesis" mechanism.
The approach presently used to elucidate the transition state structure for a-glucosyl fluoride hydrolysis catalyzed by glucoamylase and a-glucosidase has involved the measurement of H. Matsui, J. S. Blanchard, C. F. Brewer, and E. J. Hehre, unpublished data.
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several kinetic isotope effects at pH values where the reaction catalyzed by the a-glucosidase is slowed and is potentially ratelimiting. Ground state and prospective transition states are modeled, and calculated kinetic isotope effects at each position are compared with the experimentally determined kinetic isotope effects. The bond orders and geometry of the transition state are successively changed until a single consistent set was obtained in which all the calculated and experimental kinetic isotope effects match within experimental error. The derived transition state structures of "inverting" and "retaining" glycosylases are compared with each other and to a recently determined transition state structure of the acid-catalyzed hydrolytic r e a~t i o n .~ EXPERIMENTAL PROCEDURES Enzymes-The catalytic activities of all preparations were assayed a t 30 "C and pH 4.8. a-Glucosidase from sugar beet seeds, homogeneous on ultracentrifugation and disc gel electrophoresis (161, was kindly furnished by Professor s. Chiba (Hokkaido University). Fractionation on Sephadex G-100 (Pharmacia LKB Biotech) was used to remove a last trace of p-glucosidase activity (141, yielding a preparation which hydrolyzed 5.6 mM maltose at the rate of 6.4 pmol.min".mg". The enzyme leads exclusively to the a-anomer of D-glucose whether the substrate is amylopectin (14) , a-GF (141, or phenyl a-maltoside (17) . Rice a-glucosidase (Type V, Sigma), further purified as described previously (141, hydrolyzed 5.6 mM maltose at the rate of 32.5 pmol.min".mg" and 4 mM p-nitrophenyl j3-D-glucoside at 0.0027 pmol.min".mg"; a-GF is hydrolyzed with retention of configuration (14) . Crystallized A. niger a-glucosidase, kindly supplied by Professor Chiba, was homogeneous on polyacrylamide gel electrophoresis (18, 19) and produced a-D-glucose from maltotriose and phenyl a-maltoside (13); it hydrolyzed 5.6 mM maltose, and 4 mM p-nitrophenyl p-D-glucoside at rates of 45.3, and 0.0004 pmol.min".mg", respectively. R. niueus glucoamylase (Seikagaku Kogyo, Ltd., Tokyo) was a twice crystallized preparation that hydrolyzed soluble starch to form D-glucose at the rate of 15 pmol.min".mg" (20) . The enzyme yields the p-anomer of D-glucose from starch (21) and u-GF (5). A. niger glucoamylase, likewise, yields p-D-glucose from starch (22) and a-GF (15) ; the a-glucosidase-free preparation used (1) catalyzed the release of glucose from starch at 16 pmol.min".mg". Each radiolabeled a-D-glucosyl fluoride was prepared by deacetylating the respective tetra-acetyl fluoride in 0.033 M sodium methoxide in methanol and crystallized after removing minor impurities on a column of dry silica gel 60 (1) . Each labeled a-GF, as well as a pure crystalline preparation of the unlabeled compound with a free fluoride content of <0.5% ( 5 , 13) for use in kinetic experiments, was stored a t -20 "C as a solution of known concentration in dry methanol. On mild acid hydrolysis (0.02 N sulfuric acid, 100 "C, 15 min), all samples showed a molar ratio of glucose (glucose oxidase)/fluoride (specific ion electrode) in the 0.992-1.002 range.
Kinetic Isotope Effects-Reaction mixtures comprising 40 mM substrate plus enzyme a t a n appropriate concentration were incubated at 30 "C (and defined pH) and sampled at two or three intervals between 15 and 30 min (1545% hydrolysis). Each sample (150 pl) was chro-M. Sinnott, personal communication.
matographed on a 0.4 x 8-cm column of dry Silica Gel 60 and eluted with ethyl acetate/isopropanol/water, 26:9:5, to completely separate substrate and product from each other. All residual glucosyl fluoride (first 11 ml of eluate), and all glucose product (final 33 ml), was recovered from each reaction with each glucosylase. The individual (substrate or product) eluate pool was dried in a rotary vacuum evaporator at 50 "C, and the residue was then dissolved in a small known volume of water. Duplicate 200-pl aliquots of each solution were counted in Aquasol I1 (DuPont NEN) in a Rackbeta 1712 liquid scintillation counter standardized for determining 3W14C dpm ratios. All samples showed counts of at least 10,000 dpm for each isotope; and counting (for 15 min) was repeated 12-20 times to obtain stable 3W'4C ratios with S.E. less than 0.2%. For KIE calculations based on residual substrate, WI4C dpm (R,) ratios for column-separated a-GF in buffer (f < 0.01), were concurrently measured. For calculations based on product, concurrent measurements of the 3W14C dpm (Rln0) ratios for the glucose recovered from substrate hydrolyzed by the particular enzyme for 20 h ( f > 0.97) were made. The R, and R,,, values in an experiment were within 0.5% of each other.
Tritium kinetic isotope effects (TV/K) were measured competitively by analyzing the %/I4C ratio of unreacted a-~-[l-~H,6-'~C]-, [2-3H,6-14Cl, or [6-3H,6-14Clglucosyl fluoride, and of the glucose product in each case, by using Equations 1 or 2, respectively.
Primary I4C kinetic isotope effects were measured by analyzing the %/I4C ratio of unreacted ol-~-[l-'~C,6-~HI-and [6-3H,6-14Clglucosyl fluoride and of the glucose product in each case, using Just prior to each determination, an appropriate dilution of the enzyme was made in the desired buffer and kept at 30 "C. Meanwhile, suitable volumes of a methanolic stock solution of 375 mM a-GF were pipetted into small plastic tubes and dried at 30 "C in a multihead rotary evaporator, then held under vacuum until used. Individual mixtures were set up at 1-min intervals; 245 pl buffer (at 30 "C) was added to one tube to dissolve the dried substrate, and following addition of 5 pl of enzyme, the mixture was incubated at 30 "C for 12.0 min; controls without enzyme were similarly incubated. Reactions were arrested by the addition of 1.00 ml of cold 2 M Tris buffer of pH 7.0, followed immediately by 0.20 ml of glucose oxidase reagent. After incubation at 30 "C for 15 (24)) running on a Silicon Graphics Crimson was used to determine transition state structures for which the calculated KIE values match the measured KIE values. For the enzymes used to represent hydrolysis with inversion and retention (R. niueus glucoamylase and sugar beet seed a-glucosidase, respectively), the transition state structures were varied until they yielded calculated kinetic isotope effects which simultaneously satisfied all of the experimental values. Bond lengths and bond angles of a-GF in the reactant state were initially taken from the coordinates of the crystal structure of p-D-glucose (25, 26). The bond length of C-1-F-1 was taken initially from the standard value (271, and the reactant state structure was then optimized using AMPAC at the precise level (28). Valence force constants for the various vibrational modes Enzymic CY-D-G~UCOSY~ Fluoride Hydrolysis were obtained from reported values (29) (30) (31) , and the force constant for the C-1-F bond was estimated from Badge's rule (29) .
The construction of transition state structures was based on the previously proposed mechanism of a-GF hydrolysis by glucoamylases (1) and similar studies on the hydrolysis of nucleosides (32) . The inverting R. niueus glucoamylase was modeled with an oxocarbonium ion transition state and with both the incoming H,O molecule and leaving F-orthogonal to the plane of the ring. The incoming water was modeled as oxygen atom ( 0 ' ) placed 180" opposite to the breaking C-1-F-1 bond.
Trial calculations indicated that the KIE values are insensitive to whether a single oxygen atom or H,O is used as the nucleophile. The degree of sp2 hybridization at C-1 can be described (32, 33) according to a = 90" + (19.5) (C-1-F-1 (or 0 ' ) bonding), where a is the angle defined by F-1 (or 0'1, C-1, and any one of the three atoms attached to C-1.
To determine initial bond lengths of C-1-C-2, C-1-06, and C-1-H-1, ab initio calculations on methyl 1-fluoroethyl ether (CH,OCFHCH,) and its ethoxonium ion (CH,OCHCH,+) were performed using Gaussian 92 with a &31g** basis set. The changes in the bond lengths of the C-C, C-0, and C-H bonds of the ethyl group upon going from methyl l-fluoroethyl ether to the ethoxonium ion were used to estimate the changes in these bond lengths upon going from the reactant state to the transition state. The initial bond lengths and bond angles of the rest of the transition state structure were the same as in the reactant state and were optimized by AMPAC at the precise level. The enzymatic transition state structures were determined using these estimates followed by varying the bond lengths to atoms at which the isotope effects were measured. For the retaining enzyme, sugar beet seed a-glucosidase, it was assumed that the hydrolysis of a-GF occurs with an intermediate oxocarbonium ion which is energetically stabilized by an adjacent enzymic side chain in the active site. Two models for this residue (e.g. for a carboxylate anion) were used in the calculation. The first is to represent the whole enzyme as a single oxygen atom with a mass of 10,000 atomic units and the other is to attach the oxygen atom to a second atom with a mass of 10,000 atomic units. Both calculations fit the experimental results, and for convenience, calculations were performed with the first model using the procedure for constructing transition state structures described above.
The reaction coordinate was generated by coupling the stretching mode of C-1-F-1 to that of C-1-0' (32). The umbrella motion of the plane described by 0-5-C-1-C-2 was incorporated into the reaction coordinate by introducing a weak coupling constant, 0.02, between the stretching modes of C-I-F-1 and C-1-0' and with the angular bending modes of C-2-C-1-F-1, 0-5-C-1-F-1, H-1-C-1-F-1, C-2-C-1-0', 0-5-C-1-0', and H-1-C-1-0' (34).
RESULTS AND DISCUSSION
A severe complication in the analysis of isotope effects on enzyme-catalyzed reactions is the inability to trivially determine the magnitude of the effect on the unimolecular chemical step, the intrinsic isotope effect. Kinetic masking of the latter, caused by catalytic rates equivalent to, or greater than, dissociation rates of the substrate from the enzyme-substrate, will cause observed isotope effects to fall below intrinsic values. Northrop (35) described a method involving the comparison of 'H and 3H kinetic isotope effects that yields limits on the intrinsic isotope effect for enzymatic reactions. He defined the ratio of the catalytic rate constant, kcat, to the rate of substrate dissociation as the forward commitment factor CcJ. We used Northrop's method, and the equivalence of the "-DV and a-DVIK values for hydrolysis of a-~-[l-~H]glucosy~ fluoride, to previously suggest (1) that the kinetic isotope effects on the hydrolysis of a-D-glucosyl fluoride, catalyzed by the R. niveus and A. niger glucoamylases, were fully expressed at the pH optimum and represented the intrinsic isotope effect for the chemical reaction.
In contrast, in a-GF hydrolysis catalyzed by several a-glucosidases, we observed small a-secondary kinetic isotope effects (1.02-1.04) at the pH optimum. This could reflect either a lower value of the intrinsic isotope effect and a different transition state for these enzymes or a substantial commitment factor for this substrate with these enzymes. In order to provide a firm basis from which to define the enzymic transition state struc- ture for a-GF hydrolysis, we have determined the pH dependence of the kinetic parameter VIK for the glucosyl fluoride substrate, and of the a-secondary 3H kinetic isotope effect, for several a-glucosidases and glucoamylases. values for a-GF hydrolysis by the sugar beet seed a-glucosidase. At pH 4.8, where the VIKvalue is optimal, the determined value of "-TVIK is equal to 1.039 f 0.011. As the pH is increased, the VIK values are decreased, whereas there is a roughly equal but opposite trend in the magnitude of the "'TVIK values with increasing pH. At pH 9, where the VIK value for substrate is only 1.2% of that at pH 4.8, the "-TVIKvalue for a-GF hydrolysis by the sugar beet a-glucosidase is 1.103 5 0.009. A similar trend is observed in the relationship between these two parameters at pH values below the pH 4.8 optimum. Although not illustrated, a similar pattern of pH-dependent values of "TVIK and VIK over the pH 3-9 range characterizes the reactions catalyzed by the rice and A. niger a-glucosidases. However, the e-TVIK KIE values for these reactions are somewhat smaller at all pH values than with the sugar beet seed enzyme (Table I) .
Also, with the latter enzyme the a-secondary isotope effect appears to have plateaued at a maximal value at the high pH extreme, suggesting that the commitment factor for the substrate has been reduced to a level where it no longer masks the intrinsic isotope effect. With the rice and A. niger a-glucosidase-catalyzed reactions, it is less certain that such a plateau was reached at the highest pH examined. 
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A much different pH dependence pattern is observed for the hydrolysis of a-GF catalyzed by the R. niveus glucoamylase (Fig. 1B) and also by the A. niger glucoamylase (not illustrated), although with slightly lower a-TVIK values at all pH levels ( Table I) . As reported earlier (l), the large m.TVIK values found at the pH optimum with both glucoamylases suggest that these values represent intrinsic kinetic isotope effects. Although the pH-dependent relationship between VIK and "-TVIK values for these glucoamylases differs from that for the a-glucosidases, both of these sets of data can be accommodated within a kinetic model previously proposed for enzyme-catalyzed a-D-glucosyl fluoride hydrolysis.
k ,
Hz0 kc*,
All VIK isotope effects ( a and P 3H; primary 14C) will depend on the magnitude of the intrinsic kinetic isotope effects at each of these positions, as well as on the commitment to catalysis for a-GF hydrolysis exhibited by each enzyme. The expression for the observed isotope effect can be shown to be (here illustrated for the CI-~H effect).
(Eq. 3)
If the enzyme under investigation catalyzes the hydrolysis of bound a-GF faster than the compound dissociates ( i e . keaJz2 > l), then the measured "-TVIK will be smaller than This appears to be the situation for the sugar beet seed, rice, and A. niger a-glucosidases at the pH optimum. On the other hand, both the R. niveus and A. niger glucoamylases exhibit large "-TVIK values, suggesting that these exo-a-glucanases have small commitments to catalysis for a-GF (1). In analyzing the pH dependence of the commitment factor, either the kcat or k , component can be dependent on the protonation state of enzymic groups, so that as these groups are protonated or deprotonated, the rate of catalysis and dissociation can be affected. The magnitude of the observed isotope effect will increase as the commitment factor decreases, as is observed for all three a-glucosidases. Having defined, using these criteria, pH regions where the a-secondary kinetic isotope effects are maximally expressed, we have determined P-secondary and primary 14C kinetic isotope effects at the pH optimum, and in the case of the sugar beet a-glucosidase, at pH 9.0 as well. Primary 14C isotope effects were determined using [1-14C,6-3H]a-~-glucosyl fluoride as the substrate. Control experiments to validate the use of remote labeling in the 6 position, using [ 6 -' 4 C , 6 -3 H ] a -~-g~~~~~y~ fluoride, demonstrated that a significant 3H KIE ranging from 1.023 t o 1.043 was observed, as listed in Table I . Similar large secondary isotope effects at positions far removed from the reaction center have been observed previously (36) and have been ascribed to changes in the geometry of the 0-6-C-6-C-5 bond angle and the C-6-H-6 bond distances as the substrate approaches the transition state. We have used these values of the C-G3H effects to correct the measured primary 14C kinetic isotope effect, yielding the values listed in Table I . Large 0-secondary 3H kinetic isotope effects also were observed for the hydrolysis of [2-3H,6-14C]a-~-gl~cosyl fluoride by both a-glucosidases and glucoamylases. These isotope effects are due to rehybridization changes at C-1 in the transition state, and to hyperconjugative effects, which must be considered in models for the transition state.
BEBOVIB calculations were performed for the hydrolysis catalyzed by sugar beet seed a-glucosidase and R. niveus glu-
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coamylase, since these represent examples of reactions which generate a-and p-D-anomeric glucose as products, respectively. Three assumptions are used in the calculation of transition state structures from experimentally determined kinetic isotope effect data. The first, and most critical, is that the experimental values are intrinsic isotope effects, and we have determined our kinetic isotope effects at pH values where the full expression of the isotope effects are observed. The second assumption is that the substrate is desolvated and that solvent molecules (excepting the nucleophilic water molecule which is a substrate) play no significant role in the vibrational analysis. This is a reasonable assumption for transition states calculated for enzymecatalyzed reactions occurring in the solvent-occluded active site. The third assumption is that no "nonclassical" vibrational modes contribute to the vibrational analysis. Examples of such modes could include ground state or transition state vibrational modes which are coupled to enzyme vibrational modes. No example of such coupling has been reported.
The matching of experimental and calculated primary ' *C and a-secondary 3H kinetic isotope effects was performed by varying the bond orders of C-1-04, C-1-F-1, and C-1-0'-1 where 0' represents the oxygen atom of an enzymic carboxyl or of the water molecule which will become the C-1 hydroxyl group of the D-glucose product. Calculations were performed initially with the C-1-04 bond order fixed at 1.6, 1.8, and 1.92, the latter value being the bond order determined for ethoxonium ion formation from methyl 1-fluoroethyl ether. No combination of the C-1-F-1 and C-1-0' bond orders could be found that would fit both the primary 14C and a-secondary 3H isotope effect data at C-1-04 bond orders of 1.6 or 1.8. At the calculated C-1-0-5 bond order of 1.92, the C-1-F-1 bond order was varied until values were found that would match both the experimental 14C and a-secondary 3H kinetic isotope effects, as illustrated and between 14C VIKvalue and C-1-F-1 bond order, was computed from the transition state structure for the hydrolysis. The data points with standard errors represent the experimentally determined kinetic isotope effect values.
in Fig. 2 for the hydrolysis by the R. niueus glucoamylase. The curves represent BEBOVIB calculated values for the primary 14C and a-secondary 3H kinetic isotope effects, whereas the points represent the experimentally determined values for these same effects. It is clear that a very low C-1-F-1 bond order is required for matching of the experimental and calculated values for the glucoamylase catalyzed reaction. For the reaction catalyzed by the sugar beet seed a-glucosidase, similar modeling yielded a value of 0.27 for the C-1-F-1 bond order. The P-secondary 3H kinetic isotope effects are predominantly determined by the lengthening of the C-2-H-2 bond during the formation of the oxocarbonium ion transition state. As shown in Table 11 , the dihedral angle between F-1-C-1-C-2-H-2 is 175.8" in the reactant state, but this angle becomes smaller as C-1 becomes more sp2 hybridized in the glucopyranosyl oxocarbonium ion transition state in both the a-glucosidase-and glucoamylase-catalyzed reactions. This behavior is opposite to that observed for ribofuranosyl oxocarbonium transition states (32) where the dihedral angle becomes larger and approaches 180" in the transition state. The dihedral angles and bond orders which best match the BEBOVIB-calculated and experimental P-secondary 3H kinetic isotope effects are, respectively, 169" and 0.870 2 0.005 for sugar beet a-glucosidase and 157" and 0.855 2 0.005 for R. niveus glucoamylase. The bond orders are statistically lower than the ground state C-2-H-2 bond order of 0.90, indicative of hyperconjugative effects, and the standard errors reflect the errors in the experimental determination of the isotope effect.
The remote 6-3H kinetic isotope effects were modeled independently of changes at C-1, C-2, and 0-5, and calculations showed that changes in bond angles and bond orders a t C-6 had I - 1.73 no effect on the isotope effects calculated for C-1, H-1, or H-2.
Changes in the C-5-C-6-0-6 angle alone were insufficient to match the observed 3H isotope effect, and small increases in the C-6-H-6 bond length were required to fit the experimental data (reactant state = 1.122 A; transition state = 1.124 A). We interpret these effects as indicative of strong induced hydrogen bonding to the C-6 hydroxymethyl group in the transition state. Table I1 lists some critical bond lengths and geometries for the reactant state and transition state structures for the R. niveus glucoamylase and sugar beet seed a-glucosidase-catalyzed reactions. calculated kinetic isotope effects for each of the transition states are compared with the experimentally determined values in Table 111 , and reasonable agreement is observed for all isotope effects for a-GF hydrolysis by both enzymes. Fig. 3 illustrates the structure of the energy-minimized reactant state of a-GF; also the transition state structures for the hydrolysis of a-GF catalyzed by R. niveus glucoamylase and sugar beet seed a-glucosidase. Each transition state structure represents an average of many closely related structures, which our experimental data cannot distinguish between, rather than a unique structure of exact bond lengths and angles. To accommodate the p anomeric configuration of the D-glucose product in the R. niveus glucoamylase-catalyzed reaction, we modeled the incoming nucleophile as a water molecule. In the transition state (Fig. 3 B ) the C-1-F glucosylic bond is almost completely broken, retaining -5% of its valueoin the reactant state; the C-1-0' bond, with a length of 2.8 A, is barely formed. To accommodate the a configuration of the D-glucose formed on a-GF hydrolysis by the sugar beet seed a-glucosidase, the nucleophile was modeled as a n oxygen atom of an enzymic carboxyl group having an arbitrary mass of 10,000 atomic units. In the transition structure of this reaction (Fig. 3 C ) the C-l6F glucosylic bond is -70% broken, and the C-1-0' distance (3.5 A) reflects the essential absence of a bond linking C-1 to an appropriately positioned oxygen atom of an enzyme carboxyl group. It is evident that both enzymes stabilize transition states which are predominantly oxocarbonium ion in character despite the opposite stereochemical outcome of water attack.
Transition states having carbonium ion character have been reported for a number of glycosylase catalyzed reactions, whether they result in inversion or retention of anomeric configuration, including one P-glucosidase-catalyzed hydrolytic reaction for which a competent covalent intermediate has been demonstrated (37). The present examples appear to be the first detailed transition state structure analysis of the hydrolysis of the same substrate by enzymes providing opposing stereochemical outcomes. Our results suggest that the use of the stereochemistry of products in glycosylase catalyzed reactions as a basis for judging the nature of transition states, or the presence or absence of intermediates (111, is clearly not warranted. The converse is also true. Although the transition state structures for the reactions catalyzed by the glucoamylase and the a-glu- Fig. 3 . Models of the reactant state structure of a-o-glucopyranosyl fluoride, minimized using MOPAC (A), the transition state structure for the R. niueus catalyzed hydrolysis of a-GF at pH 4.8 cosidase catalyzed hydrolysis of cy-GF at pH 9.0 ( C ) . In all cases, ( E ) , the transition state structure for the sugar beet seed a-gluthe hydrogens of OH-2,0H-3,0H-4, and OH-6 were excluded from the modeling and are omitted for clarity. The calculated distances from C-1, the anomeric carbon atom, to 0-5, C-2, H-1, F, and 0' (of H,O) in B , or 0' (of a carboxyl group of enzyme protein) in C, are shown in A; other critical geometric parameters are listed in Table 11 . It is assumed that the particular constrained conformation of each transition state structure ( B and C) is the result of multiple hydrogen bond and van der Waals interactions (not illustrated) with residues of the particular enzyme protein. Although not shown in C, the incoming nucleophile clearly is directed to the catalytic center from the si face of the oxycarbonium ion in the case of the a-glucosidase reaction.
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cosidase are somewhat different, neither structure predicts the particular stereochemical outcome that will characterize its reaction. These results are in accord with previously reported evidence that topological constraints provided by protein residues are the determining factors that control the stereochemical outcome of reactions catalyzed by glycosylases in what may be termed the %onserve# phase of catalysis (14, 20) .
The presently computed oxocarbonium transition state structures for the hydrolysis of a-GF by R. niueus (Fig. 3B) and sugar beet seed a-glucosidase (Fig. 3C) are generally similar to that calculated3 for the nonenzymic hydrolysis of a-GF in succinate buffer of pH 6.0, at 80 "C; the glucopyranosyl ring in all three cases is in a flattened 4C1 conformation with a C-1-04 bond order of 1.92. However, two important features distinguish the transition states of the enzymic reactions from that of the nonenzymic hydrolysis of a-GF. First, smaller primary 14C KIEs of 1.033 and 1.014 (equivalent to l-13C isotope effects of 1.017 and 1.007; cf. 1.032 for the "hot water" r e a c t i~n )~ a r e observed for the hydrolysis by the R. niueus glucoamylase and sugar beet seed a-glucosidase, respectively (Table 111) . A second obvious difference is that the presently defined transition state structures are not being formed in solution, but must be considered to be interacting with protein residues by multiple hydrogen bonds and van der Waals contacts which are, indeed, responsible for the formation and stabilization of the transition state structure. Thus, we envision that the constrained glucosyl cation in the present enzymic reactions may have a real existence even though the fluoride leaving group is anionic. This is in contrast to solution results where it is concluded (39) that the lifetime of the glucopyranosyl cation will be too short to be observed experimentally when the leaving group is anionic. In our case, the transition states would appear to be suficiently stable on the surface of the enzyme to be attacked by water, after release and hydration of the fluoride ion.
In are consistent with an oxocarbonium ion transition state for isomaltose hydrolysis that is similar to the presently described transition state for the a-glucosidase catalyzed hydrolysis of (Y-GF.
